INTRODUCTION:
Cartilage and subchondral bone health are tightly associated in osteoarthritis (OA) [1] . Subchondral bone changes may precede cartilage degeneration in the onset of OA [2] .
While several techniques have been established to characterize site specific articular cartilage material properties, there is not an established technique to measure the underlying subchondral bone material properties at the same location, especially in small research animals. The objective of this study was to develop a microindentation technique to determine the local compressive modulus of subchondral bone in situ. Our approach was to evaluate the accuracy of the measurement technique by applying it to homogenous materials of known compressive moduli and then apply the technique to rat tibial plateaus to characterize the distribution of properties at locations on the plateau.
METHODS:
The Oliver and Pharr [3] method was adapted to measure subchondral bone modulus. To initially penetrate the cartilage, the specimen was loaded at 0.490 N/s to 2.452 N and then unloaded. The location of the subchondral bone surface was defined as the indenter position when the load returned to zero. Due to the viscoelastic nature of bone, this loading was repeated three more times with a hold of 30 s at 2.452 N (Figure 1 ). The slope of the load-displacement response between 2.403 N and 1.961 N during the unloading portion of the third cycle was used to measure the subchondral bone stiffness. The indentation testing was done using a custom materials testing system [4] with a stainless steel needle indenter. The radial profile of the needle was measured along the axis of the needle using a dissecting microscope. To determine the contact area of the needle, its radius was fit as a function of a sum of the linear, square root, cubic root and quartic root of the depth of penetration (R 2 > 0.999). The testing system compliance was measured using a triangular tungsten carbide insert. The system compliance resulted in a mean and standard deviation of 2.542±0.938 microns of displacement at the maximum hold load. This displacement was subtracted from measurements to correct for system compliance.
The method of Tang et al.
[5] was used to correct any residual viscoelastic effects. The change in depth of penetration at the end of the third hold was calculated as the derivative of a nonlinear least squares exponential fit of the displacements for the last half of the hold.
Rigid polyurethane foams with designated densities of 40 and 50 lbf/ft 3 and dental polymethyl-methacrylate (PMMA) were used as validation materials. The compression elastic moduli of the 40 and 50 lbf/ft 3 rigid foams were 0.8182 and 1.2446 GPa, respectively [6] and the compression elastic modulus of the cast PMMA was 2.85 GPa measured using ASTM D1621. Fifteen indentation trials were used with each material. Regression analysis was used to compare the mean indentation modulus values with the reference values.
Tibial plateaus from hind legs from five female Sprague-Dawley rats greater than four months of age were used. Animal use was approved by the local Institutional and Animal Use Committee. Central and posterior locations of medial and lateral compartments were tested. Prior to testing, the surface of the cartilage was aligned normal to the axis of indentation [4] . An ANOVA with blocking on animals was used to analyze the effects of compartment (medial vs. lateral) and test location (central vs. posterior) on the subchondral bone modulus.
RESULTS:
The moduli (mean±standard deviation) for the 40 and 50 lbf/ft 3 rigid foams, and the PMMA were 0.70±0.15 GPa, 1.56±0.31 GPa, and 3.65±0.15 GPa respectively. These values were highly correlated with the reference values (R 2 = 0.993, p = 0.05, Figure 2 ). Indentation testing tended to overestimate the reference moduli with a slope of 1.41; although, this slope was not significantly different from one (p = 0.18). 
Figure 2 Compressive modulus measured by indentation (Eindentation) with reference values (Ereference).
The overall mean subchondral bone modulus for all locations of all rat tibia plateaus was 3.59±1.03 GPa. The modulus of the posterior location was significantly greater than the center location (4.03±1.00 and 3.35±1.16 GPa respectively, p = 0.03). The medial compartment was not different from the lateral compartment (3.86±1.08 and 3.52±1.16 GPa respectively, p = 0.28).
DISCUSSION:
The moduli of the materials used for validation of the indentation technique were within the range of subchondral bone modulus and even though a large diameter needle was used, the cell structure of the foams may have contributed to the variability of the validation results.
Another potential source of variability was the alignment of the indenter with the cartilage surface which may not reflect the orientation of the underlying subchondral bone. This may have produced small errors and increased the variability of the measures. Both system compliance and viscoelasticity had small and counter acting effects (mean effects <2.5%) on the measured subchondral bone moduli. There was very little viscoelastic effect after the third 30 s hold.
This microindentation method provides a method for measuring the subchondral bone modulus in the same location as articular cartilage material properties tests in small research animals. This technique allows studies of both subchondral bone and articular cartilage changes with the onset and progression of OA. In this study, the compressive modulus of rat tibial plateau changed as a function of location on the plateau and this finding suggests that studies should make site specific measurements and not combine data between different locations. REFERENCES:
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